GalnP/GaAs tandem solar cells are proving to be a highly adaptable, high-efficiency photovoltaic technology. GalnP/GaAs tandem cells have now exceeded all confirmed two-terminal efficiencies for cells of any material combination at one-sun air-mass 1.5 global (AMI .5G) with an efficiency q = 29.5%, at 160-suns AM1.5 direct (AMI .5D) with q = 30.2%, at one-sun AM0 with q = 25.7%, and at AM0 with q = 19.6% after 1-MeV, 10i5-cm-* electron irradiation. These high efficiencies reduce the balance-of-system costs for a photovoltaic power system relative to a system using less efficient cells. This balance-of-system leverage has made this technology competitive in the near term for space and concentrator terrestrial applications even though the GalnP/GaAs cells are relatively expensive. A starting point for these high efficiencies is the high quality of the single-crystal epitaxial material. Recent advances are attributed to improvements in interface passivation layers and cell designs.
INTRODUCTION
GalnP/GaAs tandem solar cells are a logical extension of the application of epitaxial Ill-V materials to photovoltaics. The device design takes advantage of the advanced technology available for growing Ill-V epitaxial materials and the excellent match between the solar spectrum and the absorption characteristics of Ill-Vs. It is not at all surprising that these devices are setting new record efficiencies for conditions representing a number of different applications. All solar cells that have achieved more than 90% of the tandem cell efficiencies presented here are also Ill-V multijunction devices.
The incorporation of these devices in commercial power systems has until now been inhibited by their higher cost. Advances in the commerical production of GaAs solar cells on germanium substrates has led to experiencebased manufacturing cost reductions, however, and these reductions have a direct payoff in GalnP/GaAs tandem production cost. Because the use of high-efficiency cells reduces costs on the system level, the improved efficiency of the tandems has also contributed to predictions of their cost-effective application in space and concentrator terrestrial applications. In this paper, we put the new efficiency results in context with other photovoltaic technologies and recent cost analyses.
We also discuss in some detail the specific improvements in materials growth and device processing that led to the new record cell efficiencies. The improved device structure has been successfully applied to devices more relevant to the immediate applications, namely radiation-hard space cells arid concentrator devices. The efficiency advances were atiained primarily by improving interface passivation layers in the cells and by reducing grid coverage. In solving these problems, we have observed some important effects related to the dopants used in various layers of the structure. The lessons learned should be useful in most Ill-V photovoltaic devices and could be helpful to other single-crystalline or compound semiconductor solar cells.
COMPARISON WITH OTHER VERY HIGH EFFlClENlCY TECHNOLOGIES
As mentioned above, oiJr new efficiency results set records in a number of categories. The results are compared with other very high efficiency cells in Table 1 . The AM1.5G result represents an improvement of 1.9% absolute over the previous best.
[I] The AM0 result represents a similar increase when compared to the best reported efficiency for a two-junction cell, 23.0% [l] , although a mechanically stacked, three-junction device at 25.2% efficiency [2] is substantially closer to our new result. The AIGaAs/GaAs device of references [I] and [3] is almost identical in its approach to our GalnP/GaAs design. The top-cell materials, are both lattice-matched to GaAs, and have band gaps close to the optimum top-cell band gap for a two-junction cell with a GaAs bottom ce11. [7] The primary difference between the approaches is the Table 1 was derived by dividing the module result by 85% to correct for lens efficiency as reported in an earlier work. [6] There are also no 1 -sun AM0 measurements for the GaAs/GaSb device to compare with our record efficiency.
Since Ill-V cell efficiencies increase substantially with concentration (the 30.2% GalnP/GaAs concentrator cell is about 26.4% at 1 sun), it would appear that the two technologies are roughly comparable under concentration at AMO. The GalnP/GaAs tandem does have the advantages of being a monolithic cell, making it more compact, significantly less complicated to process and handle, and grown on one substrate (not two). The GaAs/GaSb tandem is more easily adaptable to less expensive diffusion processes, retaining only a brief epitaxy step for the GaAs cell. Diffused cells may be less efficient, of course; GaAs/GaSb results to date used organometallic vapor phase epitaxy (OMVPE) GaAs cells.
COST CONSIDERATIONS
The choice of a technology for a given application is driven by meeting all requirements at the lowest cost. Because requirements differ, no one technology is best for all applications. None of the very high efficiency cells in Table 1 are in commercial production, while silicon cells of all crystallinity variations and single-junction GaAs cells are. In Table 2 , we compare our GalnP/GaAs results with a broader range of cell technologies that either are commercially available or are being seriously investigated for commercial development.
GalnP/GaAs has significantly higher efficiencies -in some cases a factor or two or more -than the record cell efficiencies in Table 2 . The difference between record efficiency and commercial efficiency is also fairly small for GaAs cells, and we expect it to be similarly favorable for GalnP/GaAs tandems because similar manufacturing techniques will be used.
The only reason very high efficiency technologies are not being as aggressively pursued as others listed in Table  2 is their higher cell cost. The raw materials cost is higher than for any silicon-based technology. For this reason, it is difficult to imagine that there will ever be a time when there are not some applications for silicon solar cells.
Silicon is limited in its efficiency by its low optical absorption, poor operation at very high concentrations, and lower radiation resistance, and this is where Ill-V and Il-VI compounds may offer advantages, especially for high-power-density applications. The raw-materials costs for the active regions of the various compound semiconductor devices are roughly equivalent; the primary cost difference comes from whether or not the materials are grown as high-purity single crystals (which require a single-crystal substrate as well as more sophisticated growth techniques and often more refined The cost-effective application of our GalnP/GaAs cells thus depends on finding applications where their high efficiency or other properties are effectively used to reduce overall power system costs. The two applications where this is now appearing to be the case are space solar cells and concentrator terrestrial cells.
For space, the GalnP/GaAs tandems offer higher efficiency and higher radiation resistance than silicon cells, and substantially higher efficiency than thin film Il-VI cells. The efficiency leverage translates directly into cost savings on a systems level because the panels can be made smaller, and hence with less assembly labor and materials. Panels can also be lighter, and hence cheaper to put into orbit. One analysis estimates that a GaAs space cell panel costs only 1.2 times as much as a silicon space cell panel even when the GaAs cells cost 6 times more.
[l2] In addition, the GaAs panels would weigh 0.84 times less. This kind of leverage is magnified for GalnP/GaAs tandems, which are likely to be within 10% of GaAs cell costs, within a few percent of their weight, and yet 20% more efficient. We have collaborated with Spectrolab, Inc., to produce a demonstration GalnP/GaAs cell on an inactive germanium substrate that achieved 24.2% efficiency at AM0. [15] The U. S. Air Force has in fact discussed manufacturing development programs for space GalnP/GaAs tandems at two commercial photovoltaic companies. [ 161 Designers of concentrator photovoltaic systems for terrestrial use are also becoming interested in this technology. Here the higher cost is countered by the excellent efficiencies at 400X or more, so that only 25 cm2 of solar cell material is needed for 1 m2 of panel aperture area. Asgmbly labor, materials, and real-estate costs are also reduced by using higher efficiency cells. The extra bulk and dost of tracking systems and lenses, however, limits application to moderate-size or utility-scale systems. Concentrator modules are also best used in locations with relatively few overcast days because, unlike flat-plate modules, conventional concentrators are not able to collect sunlight scattered by the atmosphere or clouds. Within these limitations, Ill-V multijunction concentrator systems should prove to have lower production costs (around $2.00 per watt[l7]) for utility applications and stand-alone systems than those of flat-plate polycrystalline or amorphous thin-film technologies. Before addressing the technological aspects of the cell in more detail, we first explain how the cell is constructed. The GalnP/GaAs cells are grown by atmospheric-pressure OMVPE. Hydrogen is used as a carrier gas at a flow rate of about 6 slpm. Source chemicals include trimethyl indium, trimethyl gallium, trimethyl aluminum, arsine, phosphine, dilute hydrogen selenide in hydrogen, dilute disilane in nitrogen, carbon tetrachloride, and diethyl zinc. The structure is grown at 7OO0C, with the exception of the tunnel junction and topcell back surface field (BSF) layer, which are grown at The cell structure corisists of a GalnP top cell connected in series with a low-resistivity, grown-in tunnel junction (TJ) to a GaAs bottom cell, as shown in Fig. 1 . [19] The GalnP layers have a composition of approximately Ga(O.51)ln(0.49)P, which is about the average of the compositions for lattice-matching at room temperature and lattice-matching at growth temperature. [20] Because of spontaneous ordering on the Group Ill sublattice, the band gap of the GalnP varies with growth conditions from about 1.82 to 1.9 eV at constant composition.
CELL DESCRIPTION
[21] This n= 6 x loi8 1 0.5 I variation is exploited in the top cell to produce a BSF layer of higher-band-gap GalnP. Variations in top-cell layer thicknesses for different standard solar spectra balance the collection of photons between the top and bottom cells to achieve maximum efficiency, a condition described as "current matched." If one subcell (e. g. the top cell), is capable of generating more photocurrent than the other subcell (the bottom cell), the resulting "bottom-cell limited" tandem has a suboptimal efficiency. Physically what happens is that for regions of the current-voltage (I-V) curve where the top-cell photocurrent would otherwise exceed the bottom-cell photocurrent, the top cell remains at large forward bias generating enough dark current to cancel its excess photocurrent while the bottom cell moves farther toward reverse bias. The degree of efficiency loss varies slowly with photocurrent mismatch, however, and the effect of operational spectral variations on the device efficiency has been modeled to show that there are no serious limitations for most applications. [22, 231 The performance of the record 1-sun devices is illustrated in Fig. 2 . The I-V curves for the devices reflect nearly ideal diode behavior with no significant series or shunt resistances. The quantum efficiency curves for the AMI .5G cell shown in Fig. 3 indicate near-unity collection efficiency and very low reflectivity over most of the spectral range of the device. The collection efficiency is high because the cell bulk materials are "perfect," which is to say that the minority carrier diffusion lengths are two or more times greater than the layer thicknesses needed to absorb the relevant region of the solar spectrum. From double-heterostructure time-resolved photoluminescence measurements, we estimate the minority carrier diffusion lengths as 10 and 3 pm for the GaAs and GalnP base efficiency should therefore be top-cell-limited at beginning of life (BOL). As the bottom cell degrades, the device then reaches current-matching at EOL. The BOL device efficiencies are of course lower, but the power output of the cell is significantly more constant over the device lifetime. Results from tandem cells illustrating these design rules are given in Fig. 4 . The GaAs radiation resistance is enhanced by using low base doping. Tandems with thinner top cells, which are therefore topcell-limited at BOL, give the best EOL performances, while the thickest cells had the best BOL efficiencies. The thinnest cell is too far from current-matching to yield a good efficiency in either state, although it shows the least degradation. The best EOL efficiency is 19.6% as measured at NREL and 19.8% as measured at NASALewis Research Center. This is the highest EOL efficiency for any solar cell of which we are aware. Further details of the radiation study are presented elsewhere in these proceedings. [24] Another potential market for these devices is in concentrator power systems, most likely for terrestrial use but possibly for space use as well. We have recently demonstrated excellent performance under high concentration for a device which is slightly modified from our l-sun structures. The cell thus incorporates all we have learned in making our 1 -sun devices while expanding that work to new applications. The efficiency as a function of concentration ratio as measured at Sandia National Laboratories is given in Fig. 5 . The device has a peak efficiency of 30.2% from 140 to 180 suns, and maintains an impressive 29.1 % even at 425 suns. This performance is quite close to the input parameters used in the cost analysis referred to above. [ I 71 Given the limited effort given to concentrator devices so far, we believe that improved performance at higher concentration ratios is not far off. Efficiency of a GalnP/GaAs tandem solar cell unber the AMI .5D spectrum at different concentration levels. The fall-off at high concentration is due to series resistance losses at high currents.
IMPROVEMENIT ANALYSIS
The new cells differ from previous GalnP/GaAs tandems [26] in three significant ways: the passivation layers have different dopants or compositions, the tunnel junction dopant scheme is modified, and the grid coverage is reduced. As we discuss further below, the first two changes are actually intertwined because passivationlayer efficacy decreases when TJ dopants inadvertently appear in other cell layers. The grid coverage has been reduced from 4.9% to 1.9%, i t change that accounts for a 0.8% absolute increase in efficiency. This change takes advantage of the tandem's low emitter sheet resistance and its lower current relative to single-junction cells.
Modifications of the passivation layers are carried out both to improve the device peak performance and to increase the reproducibility of high-efficiency results. In the context of this work, the primary function of passivation layers is to reduce the loss of iminority carriers at the outer interfaces of each subcell. Most passivation layers work through a combination of forming an interface with a low density of deep states to eliminate efficient recombination paths and by offsetting and bending the bands so as to repel minority carriers from the interface. The latter effect leads to a general guideline that passivation layers should be doped heavily enough to prevent them from being totally depleted. A resistive passivation layer can also lead to non-ohmic I-V characteristics for majority carrier transport across the heterojunction.
Passivation problems at 1 he upper interface (emitter/ window) can often be distinguished from problems at the lower interface (base/BSF) lby different characteristic symptoms in device performance. High recombination at the upper interface typically shows itself in a large decrease in the quantum efficiency for high-energy ("blue") photons, with a corresponding reduction in short-circuit current density (Jsc). High recombination at the lower interface usually appears first EIS an increase in the device dark current and corresponding decrease in the Vac. The Voc of a subcell is relatively insensitive to a poor upper interface passivation layer because most of the device dark current is generated in the base region of the subcell where the minority carrier diffusion lengths are long and the doping is relatively low. The Jsc of a subcell is relatively insensitive to a poor lower interface passivation layer because little light is generated near the lower interface. The distinction will disappear for very high recombination at either interface.
The changes which led to improved device efficiency illustrate each of these passivation layer effects. One aspect of the GalnP/GaAs tandem device design that has led to recurrent difficulty in growing state-of-the-art cells is the passivation of the top-cell upper interface using n-type AllnP. Because of its sensitiviity to oxygen, the material will sometimes become resistive when oxygen-related deep traps capture most of the majority carriers. By replacing hydrogen selenide wilh disilane as the dopant in the AllnP layer, the top interface passivation improves significantly as evidenced in the blue response in Fig. 6 . Purification of the phosphine also gives a similar improved blue response. Consistently good device blue response integrating the QE curve with the AMI .5G spectrum. The sample labeled "no window" was grown with a window layer that was later etched away.
has been observed by following the conservative course of using both phosphine purification and disilane doping. (The combination, not shown, gives the same blue response as disilane doping only.) We hypothesize that the disilane reacts with any residual oxygen in the growth chamber to form silicon oxides that are either neutral in the material or that are swept away without being incorporated. The influence of phosphine purification indicates that phosphine is one source of oxygen contamination; we have also observed that oxygen carried in by trimethyl indium sources is scrubbed by disilane. Secondary ion mass spectroscopy (SIMS) confirms that Si-doped AllnP has lower oxygen levels than those of Se-doped AllnP.
Data on GaAs cells illustrate the importance of doping the passivating layer sufficiently. We observe that an increase in the doping in the GalnP BSF and underlying buffer layer of GaAs from p = 6 x 10l6 ~m -~ to p = 3 x l O I 7 cm" changes the Voc of the bottom cell by 24 meV or more and eliminates occasional high series resistance in the GaAs subcells. Modeling of the band bending at these heterointerfaces predicts that p = 3
x IOl7 ~m -~ is the critical doping level below which the BSF layer is thinner than the total depletion region width predicted for the two heterointerfaces on either side. The band structures as calculated using the software package PC-1 D are illustrated in Fig. 7 . A GalnP band gap of 1.85 eV and a valence band discontinuity of 0.33 eV are assumed. There is in fact considerable variation in band discontinuities measured for this heterointerface, at least some of which is due to variations in growth technique. [27- 291 The use of a large valence band discontinuity for modeling our samples is justified by the size of the passivation changes and the absence of this effect for our n-type heterointerfaces. Increasing the doping as described above is seen to halve the height of the barrier to minority carrier (electron) transport from the base of the GaAs cell to the buffer layer and substrate. Carriers that surmount this barrier are presumed to be lost to recombination. The transport of majority carriers (holes) is also inhibited by the large barrier created by a depleted BSF. The effect of these band bending changes on the I-V curves of a single-junction GaAs cell is illustrated in Fig. 8 . The minority-carrier recombination rate increases in the base, raising the dark current and lowering the Vac.
The cell with the poor Voc also suffers from a significant series resistance loss as predicted for majority carriers in the model. Because the total device current is zero at Vac, this series resistance is removed by extrapolating from low-current values for purposes of comparing the dark current components in Fig. 8 .
The passivation of the lower interface of the top cell improves significantly when a high-band-gap GalnP layer is intentionally grown there. The band gap is varied by increasing the doping concentration and lowering the growth temperature. This layer is not present in earlier tandem devices, although it is likely that they already benefited from some of this passivating effect because a heavily Zn-doped GaAs layer preceded top-cell growth. Zinc diffusing out of this GaAs layer would have tended to increase the band gap of the lower part of the top ce11. [30] Intentional inclusion of the BSF layer in single-junction GalnP cells improves the VOC by about 60 meV. The improvement in minority carrier lifetime is in fact large enough to be noticeable in the red response of the cell, producing a 10% increase in Jsc.
The BSF layer is, however, significantly less effective when incorporated into the previous tandem structure. SlMS data, including that illustrated in Fig. 9 , convinced us that Zn diffusion out of the TJ is responsible for the poor quality of the passivation. When sufficient zinc is present, it diffuses out of the TJ and ESF and accumulates at the pn junction. Selenium appears to diffuse backwards into the base layer, possibly even to a level where the Se compensates the Zn and effectively moves the junction deeper. This overlap of Zn and Se is not observed in top cells grown directly on Zn-doped GaAs substrates. The phenomenon has been observed to a lesser degree in some good GaAs cells, with apparently no ill effects on the GaAs device performance. Although a full understanding will require more work, it is probable that the diffusion is driven by the doping-dependent concentrations of native interstitials and vacancies, [31] which in turn leads to surplus generation of these defects during growth. [32] The defects provide the major paths for dopant diffusion and hence their concentrations control the ease with which different dopants move through the material.
The exact mechanism leading from the Zn-Se accumulation to reduced interface passivation and lowered Voc is unclear. It could be that no high-band-gap region forms; Fig. 9 shows that the EiSF field is not heavily doped relative to the base layer of the cell, although the Zn flows used to grow these layers differ by over a factor of three. The diffusion of Zn through tlhe material layer could have left behind deep level defects that increased the dark current through higher recombination in the bulk and at interfaces. The accumulation of Zn and Se at the junction might also have increased the depletion-region volume so as to make a large increase in recombination-generation dark current in the junction.
A related dopant problem is the selenium memory effect that occurs in most !growth systems to varying degrees. Selenium compounds are inclined to adhere to the growth system walls while the hydrogen selenide gas is flowing, and then to desorb after the gas flow is cut off, placing selenium in layers where it is not intended to be. This problem is enhanced when reactor walls are cool or when there is a large surface area that is exposed to the hydrogen selenide flow. This (effect could be large enough after the growth of a TJ in our growth system to overwhelm the Zn doping in part or all of the GalnP top cell base, leading to extra junctions or no junction at all in the top cell.
The solution to both problems is to modify the TJ dopants to reduce diffusion and memory effects. The zinc is replaced with carbon, a p-type dopant with much lower diffusivity. The selenium incorporation during TJ growth is enhanced by reducing the arsine overpressure. A similar doping level is thus reached with lower selenium flow and hence with a lower selenium memory effect. The change leads to an improvement of about 50 meV in the Voc of top cells grown on top of TJs. The carbon-selenium TJs also have a lower specific resistance and a higher peak tunneling current than the zinc-selenium TJs used in earlier devices. [33] SUMMARY GalnP/GaAs solar cells have set new efficiency records of about 30% for terrestrial applications and 26% for space applications. The hi'gh efficiency of the devices contributes to lowering the icost of including them in photovoltaic power systems despite the relatively high cell cost. Near-term cost-effective application of these devices is expected in space power systems and terrestrial concentrator systems. The technological improvements leading to increased device efficiency are mostly in the areas of interface passivation and grid design. Changes in doping schemes are interwined with these improvements. Further advances are expected to come from even better passivation layer schemes.
